Analysis of intact protein mixtures by electrospray ionization mass spectrometry requires the resolution of a complex, overlapping set of multiply charged envelopes. To ascertain the ability of a moderate resolution mass spectrometer to resolve such mixtures, we have analyzed the soluble proteins of adult chick skeletal muscle. This is a highly specialized tissue showing a marked bias in expression of glycolytic enzymes in the soluble fraction. SDS-PAGE-resolved proteins were first identified by a combination of matrix-assisted laser desorption ionization time-of-flight (TOF) and electrospray ionization tandem mass spectrometry. Then the mixture of intact proteins was introduced into the electrospray source of a Q-TOF mass spectrometer either by direct infusion or via a C4 desalting trap. In both instances, the complex pattern of peaks could be resolved into true masses, and these masses could in many instances be reconciled with the masses predicted from the known protein sequences when qualified by expected co-and post-translational modifications. These included loss of the N-terminal initiator methionine residue and N-terminal acetylation. The ability to resolve such a complex mixture of proteins with a routine instrument is of considerable value in analyses of protein expression and in the confirmation of posttranslational changes in mature proteins.
A key step in any proteome analysis is the identification of one or more proteins that have been resolved by separation technologies, including one-dimensional and two-dimensional polyacrylamide gel electrophoresis or liquid chromatography. In most instances, the identification begins with complete enzymatic fragmentation of the target proteins with a proteinase of defined specificity such as trypsin. In this way, additional information can be obtained as the properties of the resultant "limit peptides," notably their mass, can be used as a fingerprint to search databases of all known proteins (1, 2) . This requires a very good match between the experimental data and the theoretical digest map and usually requires that the target protein sequence already be deposited in the database. Searching with peptide maps derived from organisms for which extensive genome data is not available usually requires the gain of further identification data, specifically composition data (3) or short peptide sequence tags derived by sequencing de novo (4, 5) .
In peptide mass fingerprinting, the masses of the limit peptides define the positions of the specific amino residues that define the site of cleavage. Proteolysis by trypsin, for example, cleaves the protein into limit peptides typically of ϳ10 -20 amino acids long. The masses of such peptides are readily matched by the high mass accuracy obtained by the mass analyzers in common use for peptide mass fingerprinting, notably a time-of-flight (TOF) 1 mass analyzer, which can achieve a mass accuracy of 10 ppm and a resolution in excess of 10,000 full-width half-maximum.
However, the generation of the set of limit peptides introduces additional steps that can result in sample losses and that diminishes throughput. To circumvent these stages, it has been proposed that the mass of each protein in a proteome can, at an appropriate level of mass accuracy and resolution, be considered to be virtually unique in the data set, which raises the possibility of direct analysis of an intact protein (6) . Indeed the superior mass accuracy and resolution of Fourier transform ion cyclotron resonance (FTICR) mass spectrometers might offer a route to highly accurate mass determination of intact proteins that are electrosprayed as multiply charged species (7, 8) . With such an instrument, proteins between 10,000 and 100,000 Da can be mass measured to an accuracy of around 1 ppm, which can provide data of sufficiently high quality that identification based only on intact mass might in principle be possible. However, protein identification by mass determination of the intact protein is compromised by post-translational changes, including proteolysis, glycosylation, acetylation, phosphorylation, or even disulfide bond formation (9) . All of these modifications elicit a change in the mass of the protein, creating discordance between the measured mass and the mass predicted from the (usually) cDNA-inferred protein sequence. Moreover, FTICR instruments are currently expensive and not yet generally available for proteome analysis. Accordingly we embarked on a study of a complex but natural mixture of proteins using an affordable benchtop mass spectrometer. Specifically we used a preparation of the soluble proteins of chicken skeletal muscle. The adult pectoralis muscle of the chicken (Gallus gallus) is a highly specialized tissue comprising almost exclusively Type IIB fibers. These fibers rely on glycolysis to provide energy for muscle contraction, and the sarcoplasmic protein fraction is rich in glycolytic enzymes. The marked bias in protein expression of this class of proteins means that an unfractionated high speed supernatant fraction of a homogenate of this tissue provides a complex mixture that is nonetheless sufficiently enriched in relatively few proteins to provide an appropriate test material for this analysis. Specifically we wished to assess the extent to which direct mass measurement of the proteins in this sample could be of value in their identification using a readily available instrument (Q-TOF-micro, Micromass, Manchester, UK).
EXPERIMENTAL PROCEDURES
Experimental Material-Commercial frozen broiler chicken skeletal muscle (5 g) was mechanically homogenized in 25 ml of a buffer consisting of 20 mM BisTris, 50 mM NaCl, pH 6.0 and containing Complete protease inhibitors (Roche Diagnostics). The soluble protein fraction was isolated by centrifugation at 13,000 ϫ g for 45 min at 4°C. The protein concentration of the resulting supernatant fraction was determined using the Coomassie Plus ® Protein assay (Perbio Science UK, Tattenhall, UK), and the supernatant fraction was stored at Ϫ20°C in 200-l aliquots.
Polyacrylamide Gel Electrophoresis-The soluble proteins (4 -40 g) were initially separated by one-dimensional 12.5% (v/v) SDS-PAGE and visualized with Coomassie Brilliant Blue stain. In some instances, the gel was scanned, and the band volumes were analyzed by Phoretix 1-D software (Non-linear Dynamics, Newcastle, UK). The correlation coefficient for the relationship between band volume and protein amount was 0.98. For the two-dimensional electrophoresis, the soluble supernatant fraction containing 100 g of protein was added to 200 l of rehydration buffer (8 M urea, 2% (v/v) CHAPS, 50 mM dithiothreitol, 0.2% (v/v) pH 3-10 Biolyte ampholytes). This sample was loaded onto 11-cm linear IPG strips, pH 3-10 (Bio-Rad). Passive rehydration was completed overnight, and the strips were then electrophoresed at 250 V for 15 min followed by 250 -8000 V for 35,000 V-h using the Protean IEF system (Bio-Rad). The strips were equilibrated in reducing equilibration buffer (6 M urea, 0.375 M Tris, pH 8.8, 2% (w/v) SDS, 20% (v/v) glycerol, 2% (w/v) dithiothreitol) for 15 min and then in alkylating buffer 2 (6 M urea, 0.375 M Tris, pH 8.8, 2% (w/v) SDS, 20% (v/v) glycerol, 2.5% (w/v) iodoacetamide) for a further 15 min before the second dimension separation was performed in 12% gels using the Hoefer Ettan TM DALT six vertical gel system at 600 V for 3 h. The proteins were visualized using Coomassie Brilliant Blue stain.
In-gel Trypsin Digestion-A plug of the protein of interest was excised from the gel with a fine glass pipette and transferred to a microcentrifuge tube. To each tube 25 l of 50 mM ammonium bicarbonate, 50% (v/v) acetonitrile (ACN) was added and incubated at 37°C for 20 min. This process was repeated until all the stain had been removed. The plugs were then washed in 50 mM ammonium bicarbonate, which was subsequently discarded. Dithiothreitol (25 l, 10 mM) was added to each plug and incubated at 37°C. After 30 min, the supernatant was discarded, iodoacetamide (25 l, 55 mM) was added to each tube, and incubation continued in the dark for 60 min. The gel was dehydrated using 25 l of ACN, and incubation at 37°C was resumed for 15 min. The supernatant was removed from the dehydrated plug, which was allowed to air dry. Once dry, the gel was rehydrated in 50 mM ammonium bicarbonate (9 l) containing trypsin (1 l of 100 ng/l trypsin stock reconstituted in 50 mM acetic acid). After 30 min, 50 mM ammonium bicarbonate (10 l) was added to each tube, and digestion was allowed to continue overnight at 37°C; the reaction was halted by the addition of 2 l of formic acid. In-gel digestion of proteins was performed using the MassPREP automated work station (Micromass).
MALDI-TOF Analysis-All analyses were performed on a reflectronequipped MALDI-TOF instrument (M@LDI, Micromass), and peptide mass fingerprints were searched using the MASCOT search engine (10) . Samples were mixed in a 1:1 ratio with a saturated solution of ␣-cyano-4-hydroxycinnamic acid in ACN:water:trifluoroacetic acid (50:49:1, v/v/v). Monoisotopic peptide masses in the mass range of 800 -4000 Da were collected and used in the database search. The initial search parameters allowed an error of Ϯ250 ppm, a single trypsin missed cleavage, carbamidomethyl modification of cysteine residues, and oxidation of methionine. The taxonomic search space was restricted to Chordata, and there was no restriction regarding mass or pI.
Intact Protein Mass Determination-All analyses were performed using a Q-TOF-micro tandem mass spectrometer (Micromass). In-line desalting was achieved using a C4 reversed phase trap, loading and elution from which were controlled by an LC Packings Ultimate/ Switchos chromatographic system. Proteins were bound to the trap in 5% (v/v) aqueous ACN, 0.2% (v/v) formic acid and were eluted in 90% (v/v) aqueous ACN, 0.2% (v/v) formic acid via a capillary directly into the Q-TOF-micro at 200 nl/min. Data were acquired between m/z 500 and 2000 with a cycle time of 2.4 s. Typically eight to ten acquisitions were combined into a single spectrum, which was subsequently deconvoluted using MaxENT 1 maximum entropy software (Micromass). Spectra were processed between 5000 and 100,000 Da at 1 Da/channel. The peak width parameter used to construct the damage model was 0.75 Da in all cases. Proteins were identified by comparison of the observed mass with the predicted mass obtained from the Swiss-Prot entries for those proteins that had been identified by MALDI-TOF peptide mass fingerprinting.
Tandem Mass Spectrometry-All analyses were performed using the Q-TOF-micro (Micromass). Samples were introduced by static nanospray from metal-coated capillaries held at a typical potential of 1000 V. Peptides generated from an in-solution digest were first assessed by MALDI to ensure digestion had occurred. An initial mass spectrum was collected between m/z 300 and m/z 2000 from which multiply charged ions were identified as candidates for MS/MS from their natural isotope envelope. The resultant fragmentation spectra were processed using MaxENT 3 software, and the peptide sequence was determined using the PepSeq software in the Masslynx package. Peptide sequences were searched against the protein database using National Center for Biotechnology Information (NCBI) protein-protein BLAST. The taxonomy was limited to G. gallus, "expect" was set to 1000, and the word size was set to 2; no other parameters were limited. Identified proteins were cross-referenced to both the intact protein and the MALDI data already obtained. The chicken EST database (www.chick.umist.ac.uk/, Ref. 11) was used to identify peptide sequences that did not match any of the NCBI database entries. The algorithm was tblastn using the PAM70 matrix and either used the set of assembled sequences or a subset of EST sequences specifically derived from chicken skeletal muscle. These were then crossreferenced to any unidentified peptide fingerprints obtained by MALDI-TOF mass spectrometry.
RESULTS AND DISCUSSION
Characterization of the Protein Mixture-The pattern of proteins in pectoralis muscle of skeletal muscle is relatively simple and reflects the dramatic bias in levels of protein expression that is a feature of this tissue. On one-dimensional SDS-PAGE, ϳ20 proteins can be readily discerned after Coomassie Blue staining. (Fig. 1a) . The additional resolution of a two-dimensional separation failed to separate the mixture to any greater extent, although there is some evidence for "charge trains" for the more abundant spots on the gel, implying charge-modifying post-translational changes such as deamidation (Fig. 1b) . Thus, the one-dimensional separation is a reasonable approximation of the true complexity of the mixture at least in the context of the most abundant proteins.
Before we embarked on an analysis of this mixture in the form of intact proteins, we sought to identify the constituent proteins by MALDI-TOF mass spectrometry of tryptic peptides following "in-gel" digestion of the bands on the onedimensional SDS-polyacrylamide gel. This approach, recently described as the "bottom up" approach to identification of proteins (12, 13) , was an essential prerequisite to our study. The peptide mass fingerprints were analyzed using the MAS-COT search engine (10) and were searched against proteins from Chordata or from a local database containing 3554 chicken proteins. The proteins that were analyzed in this way are marked on the one-dimensional gel with the letters a to r, and of the 17 proteins examined, unequivocal assignments could be made for 14 by matching to known chicken proteins with sequence coverage ranging from 17% for serum albumin to 53% for triose-phosphate isomerase (Table I) .
Two proteins, bands n and b, were tentatively assigned as phosphoglycerate mutase and glycogen phosphorylase ,respectively, on the basis of cross-species hits when searched against a database of sequences from Chordata. In both these instances, the top 20 hits returned from the peptide mass fingerprint search were homologues from other species including sheep, cow, rat, rabbit, fruit fly, and human. Band j, a particularly abundant protein, could not be identified with high confidence by peptide mass fingerprinting.
These three protein bands (n, b, and j) required further analysis for an unequivocal assignment. Tryptic fragments of these proteins were sequenced de novo by MS/MS; the mass spectrum from a MALDI-TOF analysis of the same sample was used to select peptides that had also been present in the digest of the same band on the one-dimensional separation.
For band n, the closest match by peptide mass fingerprinting was to skeletal muscle phosphoglycerate mutase from rat liver for which six peptides, covering 30% of the sequence, were matched at a tolerance of 250 ppm. The predicted molecular mass of this protein, at 28 kDa, was consistent with the mobility in the one-dimensional gel equivalent to approximately 30 kDa. There is no sequence available for the muscle isoform of the chicken enzyme, but the match to the chicken liver isoform was substantially worse (Fig. 2) . The sequence of the rat muscle enzyme was used to search (with tblastn) the chicken skeletal muscle EST database, and five EST-derived sequences were retrieved that aligned to the C terminus of the protein. Seven peptides in the MALDI-TOF spectrum matched A further 100 g of protein was separated by two-dimensional gel electrophoresis using an 11-cm linear immobilized pH gradient strip pH 3-10 for the first dimension and a linear 12% polyacrylamide gel in the second dimension (panel b). Both gels were stained with Coomassie Brilliant Blue. Proteins (a-r, excluding "o," which was omitted for clarity) were identified by in-gel digestion using trypsin and are detailed in Table I. exactly to the retrieved chick EST sequence. Nine peptides derived from this protein (equivalent to 146 residues) were sequenced by tandem MS covering the region mapped by the EST data but also the N-terminal region of the protein. From these data the assignment of this protein as the muscle isoform of phosphoglycerate mutase was unambiguous.
For band b, a detailed MALDI-TOF spectrum was obtained (Fig. 3a) . Between 10 and 13 peptides above the 10% intensity threshold were matched to the muscle isoform of glycogen phosphorylase from six species. The observed mass on a gel of ϳ100 kDa also supported this identification as muscle glycogen phosphorylase from several species has a mass of approximately 97 kDa. Final confirmation of the identity of this protein came from tandem mass spectrometry of selected tryptic peptides (data not shown). A total of 16 tryptic peptides were sequenced, yielding 186 amino acid residues of sequenced protein, and confirmed the identity of this protein.
The tandem MS data also highlighted a sequencing error in an EST clone where a putative deletion in the EST set was disproved by virtue of identification of that region of the polypeptide sequence.
One particularly abundant protein, band j, was not readily identifiable by peptide mass fingerprinting. Eight peptides were sequenced by tandem mass spectrometry, yielding 111 amino acids of sequence information (Fig. 4) . All of the peptides showed extensive sequence similarity to fructose-1,6-bisphosphate aldolase (aldolase) from several species. The muscle-specific isoform of this protein from chicken (Type A) has not been cloned or sequenced, but the sequences of both the liver (Type B) and brain forms (Type C) of chicken aldolase TABLE I Proteins identified using peptide maps generated from trypsin in-gel digestion Soluble proteins of chicken skeletal muscle were resolved by gel electrophoresis and analyzed by peptide mass fingerprinting. For all proteins for which an identification was made, a coverage map indicates those peptides that were unambiguously identified. The filled areas indicate peptides that were observed in the MALDI-TOF spectra. Three proteins were identified by cross-species matching. For these three proteins, selected peptides were sequenced by tandem mass spectrometry to confirm the identification (see text).
are known. These were used to search the chick EST database to retrieve aldolase EST sequences from skeletal muscle. Two overlapping clones (ChEST 188h15 and ChEST 190j22) were recovered to give an overlapping partial protein sequence 275 amino acids in length. A further two partial sequences of chick aldolase A were recovered from the NCBI FIG. 2 . Identification of band n as phosphoglycerate mutase (PGM). The protein in band and spot n was subjected to in-gel digestion with trypsin, and the masses of the tryptic peptides were determined by MALDI-TOF mass spectrometry (panel a). Some of these peptides were also analyzed by tandem mass spectrometry (ESI-Q-TOF) to derive new sequence information. Four sets of sequence data are aligned: the sequences of the same enzyme from rat liver and muscle, a chicken EST sequence, and the sequences obtained by ESI-Q-TOF mass spectrometry (panel b). These sequences are used to label the appropriate peaks in the MALDI-TOF spectrum (panel a). The letter J in the new peptide sequence data is used to indicate that the amino acid was one of an isomeric leucine/isoleucine pair; Ϫ indicates that a residue could not be determined. The black bars indicate peptides that were observed in the MALDI-TOF data. A dotted black bar indicates that a peptide was seen in both the ESI-MS and MALDI-TOF spectra but that the peptide could not be fully defined because of the incomplete sequence data.
FIG. 3. Identification of band b as glycogen phosphorylase (GPB).
The protein in band b was subjected to in-gel digestion with trypsin, and the masses of the tryptic peptides were determined by MALDI-TOF mass spectrometry (panel a). Trypsin autolysis products are designated by the letter T. Some of these peptides were also analyzed by tandem mass spectrometry (ESI-Q-TOF) to derive new sequence information.
protein database (accession numbers I51292 and AAA99864). The alignment of the tandem MS data and the matching of specific peptides in the MALDI-TOF spectrum to EST-derived sequences clearly identifies this protein as aldolase A, although there was some evidence of minor sequencing errors or polymorphic variation. Two further peptides aligned with chick aldolases B and C at the N-terminal end of the protein, but there is no information on this region of the chicken aldolase A sequence to confirm these matches.
Analysis of Intact Proteins by ESI-MS-
Having identified all of the major components of this mixture, we then focused on the behavior of the intact proteins in the mass spectrometer. In contrast to the bottom up strategy, a "top down" approach focuses on the intact mass of the protein as a key identifying feature, usually supported by confirmatory studies such as fragment ions (13) (14) (15) . To test the applicability of this approach to a relatively complex mixture of proteins, we electrosprayed the chicken muscle soluble protein fraction directly into the source of our Q-TOF-micro mass spectrometer. Our goal was to determine the intact protein masses of as many components of the mixture as was feasible. In the first experiment, the protein mixture was diluted 50-fold in 5% (v/v) acetonitrile, 0.2% (v/v) formic acid and electrosprayed directly into the source (Fig. 5a ). As anticipated, the raw spectrum was very complex with multiple charge envelopes overlapping between m/z 600 and m/z 1800. Manual resolution of this spectrum into a true mass spectrum (displaying the analyzed masses of the proteins) was not feasible, and instead we used the MaxENT 1 maximum entropy deconvolution software to recover the true masses. An initial survey at 10 Da/channel was used to indicate the feasibility of the analysis. This was then refined to 1 Da/channel for more precise mass determination. The time taken to process the data was typically about 1 h on a Pentium 4 desktop computer running at 1.7 GHz. In all instances, the software converged to a solution and generated high quality true mass spectra.
To eliminate the possibility of buffer-mediated suppression effects, the protein mixture was also concentrated and desalted on a 0.3-ϫ 1-mm C4 reversed phase microcolumn. The protein mixture was diluted 50-fold in 5% (v/v) acetonitrile, 0.2% (v/v) formic acid and applied to the column. The column was then washed with the same buffer, and finally the mixture was desorbed from the column with 90% (v/v) acetonitrile, 0.2% (v/v) formic acid. Again a complex raw spectrum was obtained that, after processing, yielded a high quality true mass spectrum. The overall pattern of peaks obtained with the raw sample or with the sample preconcentrated and desalted on a C4 reversed phase trap was very similar (Fig.  5b) . There was no evidence in either spectrum for harmonic artifacts that can be a feature of this type of analysis (16) .
At least 20 discrete peaks resulted from this analysis. The masses of these proteins were compared with the proteins that had been identified by MALDI-TOF analysis and for which complete protein sequences were available (Table I) and with other chicken skeletal muscle proteins. The singularly most intense peak in the true mass spectrum (peak 6) yielded a mass of 35,573 Da. By comparison, the most abundant protein on a one-dimensional SDS-polyacrylamide gel of this protein mixture is glyceraldehyde-3-phosphate dehydrogenase, migrating at ϳ35 kDa on the gel. The full sequence of this protein is known, and the mass of this protein predicted from the cDNA-inferred sequence (NCBI accession number P00356) is 35,703 Da. Thus the difference between the observed and the theoretical masses is 131 Da. This is equivalent to the mass of a methionine residue. The database entry includes the N-terminal initiator methionine residue, which is often lost as a co-translational or post-translational event (9, 17) . Indeed many of the database entries for this protein omit the N-terminal methionine residue in the sequence file (see for example, Swiss-Prot accession number P00356) in which case the observed mass of protein matches exactly that of the predicted mass. The exact correspondence between the observed mass and the predicted mass further suggests that sequence variants (conflicts) described in the database entry P00356 are either specific to another strain of chicken or are sequencing artifacts.
It was possible to assign a further 10 proteins to mass peaks in the deconvoluted electrospray mass spectrum (Table II). In some instances, confirmation of the assignment was made by a repeat analysis of proteins fractionated further by native state column chromatography (results not shown). Peak 2 corresponds to adenylate kinase, modified by removal of the N-terminal methionyl residue with subsequent N-terminal acetylation. Loss of the initiating methionine is often followed by N-terminal acetylation (17) . Acetylation would add 42 Da to the observed mass; hence the loss of methionine followed by addition of an acetyl group would result in a loss of mass of 89 Da. Peak 2 has a measured mass of 21,597 Da, which is exactly equivalent to the mass of (adenylate kinase Ϫ methionine ϩ acetyl group).
Peak 3 is exactly coincident with the mass of triose-phosphate isomerase lacking the N-terminal methionine. Peak 5 was assigned to lactate dehydrogenase. In this instance, the difference between the predicted and observed masses was
The sequence alignment includes human muscle glycogen phosphorylase, several chicken EST sequences for the muscle form of the enzyme, and the sequences obtained by ESI-Q-TOF mass spectrometry (panel b). These sequences are used to label the appropriate peaks in the MALDI-TOF spectrum (panel a). The letter J in the new peptide sequence data is used to indicate that the amino acid was one of an isomeric leucine/isoleucine pair; Ϫ indicates that a residue could not be determined. The black bars indicate peptides that were observed in the MALDI-TOF data. A dotted back bar indicates that a peptide was seen in both the ESI-MS and MALDI-TOF spectra but that the peptide could not be fully defined because of the incomplete sequence data (see text). Identification of band j as fructose-1,6 -bisphosphate aldolase. The protein in band and spot j was subjected to in-gel digestion with trypsin, and the masses of the tryptic peptides were determined by MALDI-TOF mass spectrometry (panel a). Trypsin autolysis products are designated by the letter T. Some of these peptides were also analyzed by tandem mass spectrometry (ESI-Q-TOF) to derive new sequence Ϫ101 Da. Additionally a single peptide in the MALDI-TOF tryptic map was 28 Da larger than anticipated. These two differences can be reconciled as loss of N-terminal methionine (Ϫ131 Da) and a putative mutation of a threonine residue to a glutamine residue (ϩ28 Da), respectively. However, there are two threonine residues in this peptide, and discrimination between the two mutations is not possible in the absence of tandem MS data for this peptide. The mass of the protein in peak 8 is exactly coincident with the mass of creatine kinase lacking the N-terminal methionine. Peaks 9 and 11 cannot be precisely assigned on the basis of mass (although we have demonstrated the co-elution of proteins of these masses with bands on SDS-PAGE that yield MALDI-TOF data for the tryptic digest identifying the same protein). Although in most instances the loss of the methionyl residue was inferred from the mass measurement of the intact protein, in one case (peak 9), the des-Met N-terminal peptide of phosphoglycerate kinase was observed in the MALI-TOF spectrum of the digest. Whereas the N-terminal peptide (T1ϩT2) would be expected at [M ϩ H] ϩ of 1248.67 Da with the methionine intact, this peptide was absent from the analyte, but a new peptide was evident at [M ϩ H] ϩ ϭ 1117.63 (corresponding to T1ϩT2-Met). Previous studies on the purified proteins confirm the loss of the N-terminal methionine, but the residual mass differences are unexplained. Further work will be required to identify the precise polymorphisms that elicit these mass changes.
FIG. 4.
Peak 10 has an observed mass of 47,023 Da. The mass of information. The sequence alignment includes the B and C (non-muscle) isoforms of this enzyme from chicken, several chicken EST sequences for the muscle form (aldolase A), and the sequences obtained by ESI-Q-TOF mass spectrometry (panel b). These sequences are used to label the appropriate peaks in the MALDI-TOF spectrum (panel a). The letter J in the new peptide sequence data is used to indicate that the amino acid was one of an isomeric leucine/isoleucine pair; Ϫ indicates that a residue could not be determined. The black bars indicate peptides that were observed in the MALDI-TOF data.
A dotted back bar indicates that a peptide was seen in both the ESI-MS and MALDI-TOF spectra but that the peptide could not be fully defined because of the incomplete sequence data. Ch., chicken.
FIG. 5.
Mass determination for soluble skeletal muscle proteins. The soluble protein extract from chicken skeletal muscle was diluted 50-fold in formic acid/acetonitrile and electrosprayed directly into the source of the mass spectrometry. The left-hand panels show the multiple charge state envelope derived from the complex mixture, after spectrum averaging, background subtraction, and smoothing (top), and the MaxENT 1-deconvoluted true mass spectrum (bottom). The mass peaks marked 1-11 are discussed further in the text. In a separate series of experiments (right-hand panels), the protein mixture was fully desalted on an in-line C4 reversed phase peptide trap prior to mass spectrometry. The multiple charge state envelope (top) and MaxENT 1-processed data (bottom) were treated as described above.
the protein and native state column chromatography followed by ESI-MS of the intact protein and MALDI-TOF MS of the digest (data not shown) provide convincing evidence that this protein is enolase. However, there are two sequence entries for chicken skeletal muscle enolase in the sequence databases, P07322 and JC4187 (18, 19) . The sequence of the former was derived by Edman degradation and protein chemistry approaches, while the sequence of the second was derived by cDNA sequencing. There are significant numbers of sequence conflicts between the two entries. However, our MALDI-TOF data provide clear evidence that enolase in our samples is most similar to the entry P07322. The extent of coverage of the sequence does not allow explanation of the residual unexplained mass difference.
Although the MaxENT 1 mass spectrum is highly processed, we repeatedly observed a similar distribution of peak areas. We were interested to explore whether or not the peak heights could be correlated with relative abundances of the proteins determined independently. Accordingly we scanned a one-dimensional gel of the protein mixture at different loadings and quantified each protein by densitometry. When the band volumes were compared with the peak areas obtained by mass spectrometry the correlation was not really good enough to justify the use of mass spectrometric data for quantification of expression. Quantification will require the use of an internal standard, possibly by the use of a polymorphic variant of the protein of different mass (we have indeed identified such polymorphic variants here) or by the use of stable isotope-labeled internal standards (corresponding to the intact proteins or tryptic peptides acting as surrogates for quantification purposes 2 ). These would need to be prepared by a chemical modification that gave an adequate mass separation or by labeling in vivo (20) , which might be challenging with animal systems.
Skeletal muscle demonstrates a remarkable pattern of protein expression. Not only does 40% of the muscle protein comprise the contractile protein actin and myosin, but the soluble sarcoplasmic proteins also show a remarkable bias. The soluble proteins are predominantly glycolytic enzymes as might be expected in a muscle (pectoralis) that in this species comprises almost exclusively white, fast twitch fibers. This restricted subset of proteins dominates a one-dimensional or a two-dimensional gel and obscures the less abundant proteins that might be expected to be there in large numbers. However, in any analysis of muscle growth and protein turnover, it is these proteins together with the contractile proteins that comprise the bulk of the products of biosynthetic activity in the tissue. This study has demonstrated that a complex mixture of proteins can be analyzed by electrospray ionization mass spectrometer using a benchtop instrument of relatively 2 D. Firth, J. Brookman, and S. J. Gaskell, in preparation.
TABLE II Proteins identified using intact protein masses determined by ESI
Soluble proteins of chicken skeletal muscle were analyzed by electrospray ionization mass spectrometry and analyzed using the MaxENT 1 software. The masses of these proteins were obtained by a narrow range scan (typically 5000 Da) at 1 Da/channel after an initial low resolution scan (10 Da/channel, 10,000 -70,000). For several mass peaks, it was possible to reconcile the measured masses with the masses of known chicken skeletal muscle proteins after adjustment for likely post-translational modifications and polymorphic variation that was confirmed by MALDI-TOF MS. For other proteins, the lack of a full-length sequence precluded prediction of the mass, or there were residual mass differences that are not immediately explained. ND, not determined; N/A, not applicable. modest performance. Complex mixtures of proteins with heavily interdigitated multiply charged envelopes can be readily deconvoluted using the maximum entropy software, and the masses of the proteins that are identified are measured within a few daltons of the predicted masses. Previous studies on mass measurements of intact proteins have either concentrated on relatively simple mixtures (21) (22) (23) or have required off-line (15) or on-line (9, 24) separation of protein mixtures prior to mass measurement. Here we show that instruments of modest performance can be used to resolve relatively complex mixtures, which might diminish the need for at least one dimension of separation. Unlike bottom up approaches where the masses of tryptic peptides are concentrated over a relatively narrow range, a protein-focused top down approach has the added advantage of distributing the protein masses over a much broader mass range, enhancing identifiability. Such an approach is predicated on resolution of individual peaks in the multiply charged envelope, but as we have demonstrated, an instrument with a nominal resolution of 5000 full-width half-maximum performs well in this context.
Peak
The protein masses predicted from sequence databases must be modified to account for likely post-translational changes, notably the loss of the initiator methionine and blocking of the N-terminal amino group by acetylation. A peripheral outcome of this study is that we have defined the extent of these post-translational changes for seven of the proteins in the mixture, information that had not previously been known. We have also predicted the mature masses of two proteins (phosphoglycerate mutase and aldolase) and will await the publication of the full cDNA sequences with interest. * This work was supported by the Biotechnology and Biological Sciences Research Council (BBSRC). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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